The bacterium Bacillus thuringiensis produces toxin inclusions that are deleterious to target insect larvae. These toxins are believed to interact with a specific receptor protein(s) that is present on the gut epithelial cells of the larvae. In various insect species (in particular those belonging to the lepidopteran class), aminopeptidase N (APN) is one of the two receptor proteins that are considered to be involved in toxin-receptor interactions. However, in mosquitoes, the nature and identity of the receptor protein is unknown. Here, using RT-PCR, we identified two isoforms of the APN transcripts in the Aedes aegypti mosquito larval midgut. These results are congruent with a previous report of multiple isoforms of the APN gene expression in lepidopteran larvae. Which of the two isoforms (or other yet unidentified receptor proteins) is involved in the killing of mosquito larvae remains to be elucidated.
Introduction
Aminopeptidase N (APN, EC 3.4.11.2) belongs to a group of membrane-bound zinc metalloproteases (Taylor, 1993; Hooper, 1994 ) is a ubiquitous enzyme that is found in a wide range of organisms from insects to mammals. For instance, a number of mammalian APNs have been identified and cloned from the mast cells of mice (Chen et al., 1996) , cat cell lines (Tresnan et al., 1996) , rabbit kidneys (Yang et al., 1993) , and human intestinal cell lines (Olsen et al., 1988) . In insects, several APNs have also been identified and cloned from the gut epithelial cells of various species; Manduca sexta (Knight et al., 1995) , Heliothis virescens (Gill et al., 1995) , and Bombyx mori (Hua et al., 1998a) . Of particular interest in the present study is the insect APN. This is because, besides its normal function as an exopeptidase, this protein could also subserve as a receptor to a class of insecticidal crystal proteins, Cry toxins de Maagd et al., 2001) .
Cry toxins are produced as crystallized inclusions during sporulation by a soil bacterium Bacillus thuringiensis (Bt) . Currently, at least a hundred different Bt Cry toxins have been identified which are produced by numerous Bt strains (Crickmore et al., , 2002 . These toxins demonstrate a high insect lethality and specificity but are not harmful to nontarget insects and animals (reviewed in Siegel, 2001 ). For instance, Cry1, Cry3, and Cry4 toxins are specifically toxic against lepidopteran, coleopteran, and dipteran insect larvae, respectively. This specificity may be due to the fact that each toxin, upon ingestion by a susceptible larva, binds to a specific receptor protein that is present on the intestinal epithelial cells of the insect larva. Using toxin binding assays, various investigators demonstrated a high affinity between purified Cry toxins and its receptors that are at nanomolar concentrations (MacIntosh et al., 1991; Oltean et al., 1999; Hua et al., 2001) . Therefore, these toxins have been successfully used as an environmental-friendly microbial insecticide to control agricultural pests (Burges and Daoust, 1986) .
Furthermore, these Cry toxins have been used to control the spread of mosquito-borne diseases (reviewed in Becker, 1998) (Rajagopal et al., 2002) and transgenic technology (Gill and Ellar, 2002) , strongly implicated that APN is a receptor to the Cry toxins in other insect species; therefore, it is also likely that this protein may have the same function in mosquitoes. In this study, by undertaking the molecular approach, we successfully identified two isoforms of the APN transcripts in Ae. aegypti larvae.
Materials and Methods
Midgut dissection and RNA isolation Four-day old Aedes aegypti larvae were obtained from the Institute of Molecular Biology and Genetics insectaria. They were chilled on ice. The whole intestine was removed under a dissecting microscope using a pair of forceps, gently pulling the anterior and posterior ends apart. The midgut was then isolated by removing the foregut (including gastric caeca) and hindgut (including Malpighian tubule) from the rest of the intestine (Zhuang et al., 1999) . The obtained midguts were either used immediately for RNA isolation or stored at −80 o C. The total RNA isolation was performed using TRIzol reagent (Life Technologies), according to the manufacturer's instructions. The RNA quantity was determined by a spectrophotometer (Hitachi, Tokyo, Japan) at 260 nm. The isolated total RNA was either stored at −80 o C or used immediately.
First-strand cDNA synthesis First-strand cDNA synthesis was performed using 200 units of Superscript II reverse transcriptase (Life Technologies, Carlsbad, USA), according to the manufacturer's instructions. Briefly, 400 ng of purified total RNA was added to the reaction mixture that contained the following: 4 µl of 5X first-strand buffer (250 mM Tris-HCl, pH 8.3, 375 mM KCl, 15 mM MgCl 2 ), 2 µl of 0.1 M DTT, 8 µl of 2.5 mM dNTP mix (2.5 mM each of dATP, dCTP, dGTP and dTTP), 40 units of RNaseOut ΤΜ (Invitrogen, Carlsbad, USA), and 3 µg of random hexamers (Proligos, Singapore) in a total volume of 20 µl. The reaction mixture was incubated at 37 o C for 2 h. The reaction was then terminated by incubation at 95 o C for 2 min.
Primers The degenerate oligonucleotide primers were designed so that they corresponded to the highly conserved amino acid sequence across other published insects' APNs. They are forward primer (F2: AGAMENWG) 5'-gc(a/c/g/t)gg (a/c/g/t)gc(a/c/g/t)atgga (a/g)aa(c/t)tgg-3' and reverse primer (B2: LPHGAKE) 5'-(a/c/g/t)a (a/g)(a/c/g/t)gg(a/g)tg(a/c/g/t)cc(a/c/g/t)gc(c/t)tt(c/t)tc-3'. The primers that were used to clone the full-length Ae. aegypti APN were based on the published sequence (AF378117). They are APN5UTR: 5'-ggagttcacctgaatcgtgca-3' and APN3UTR: 5'-cgatcttagtaatgagatact ggtctct-3'. Also, oligonucleotides that corresponded to Ae. aegypti asparagine synthetase (Ackermann and Graf, 1998) were selected using the Primer 3 program and was employed as a positive control, ASN-F1: 5'-aggagagactgtgtgtgattgg-3' and ASN-B1: 5'-tcctccagact cttgttcaacc-3'.
Polymerase chain reaction After the reverse transcription, 4 µl of the cDNA product was used for PCR with 0.5 units of DyNAzyme EXT ΤΜ DNA polymerase (Finnzyme, Espoo, Finland), according to the manufacturer's direction. Briefly, the reaction was 5 µl of 10x enzyme buffer, 1 µl dNTP mix (2.5 mM each of dATP, dCTP, dGTP and dTTP), 0.5 µg of each of the primers, and 1 mM MgCl 2 . The reaction was run in a GenAmp 2400 thermocycler (Applied Biosystem, Foster city, USA) with the following steps: (1) 
Analysis and cloning of PCR products
The PCR products were electrophoresed in 1% agarose gel in a 1x TBE buffer (Sambrook et al., 1989) . The suspected band was excised and gel-purified using a QiaFilter Kit (Qiagen, Hilden, Germany), according to the manufacturer's instruction. The cDNAs were resuspended in ddH 2 O, and then were ligated into a pGem T-Easy vector (Promega, Madison, USA), according to the manufacturer's instructions. Briefly, purified cDNA was added to a ligation mixture that contained 0.5 µl of 10x ligation buffer (0.5 M Tris-HCl (pH 7.5), 0.1 M MgCl 2 0.1 M DTT, 10 mM ATP, 250 µg/ml BSA), 0.5 µl of pGem T-Easy vector, and 200 units of T4 DNA ligase (New England Biolabs, Beverly, USA) in a total volume of 10 µl. The reaction was incubated at 16 o C overnight. The next day, JM109 competent cells were transformed using the heat-shock method. The bacterial cells were plated on Luria-Bertani plates (Sambrook et al., 1989 ) that contained 50 µg/ml ampicillin that was supplemented with X-gal and IPTG. The positive clones were identified by blue/white screening and confirmed by sequencing using a BigDye terminator (PE Biosystems, Wellesley, USA) following the manufacturer's directions with slight modifications. Briefly, 300 ng of DNA was added to the reaction mixture in a final volume of 20 µl containing 4 µl of the reaction mix and 0.5 pmol of the sequencing primer. The reaction was run in a GeneAmp PCR System 2400 thermocyler (PE Biosystems) with the following steps: (1) Steps 2-4 were repeated for 30 cycles with an additional final extension time of 7 min. The resulting extension products were purified using isopropanol. The purified extension products were submitted either to the Central Equipment Laboratory, Mahidol University, or the Bioservice Unit (BIOTEC, Thailand) for sequencing. Sequence comparison was performed using the ClustalW and Align computer programs.
Results and Discussion
We first performed cross-species RT-PCR to identify Ae. aegypti larval APN. The degenerate oligonucleotides were chosen based on the conserved regions of APN across various insect species. In Ae. aegypti larvae, a putative APN product had a clear single PCR band with the expected size of approximately 550 base pairs (Fig. 1a) . Confirmation that the PCR product was a portion of the authentic APN message was made by subcloning the product and subsequent sequence analysis (Fig. 1b) . Specifically, the amplified PCR product of 550 bp was gel-purified and cloned into a TA cloning vector.
Sequencing, performed on both strands, showed no significant sequence identity after a search against the GenBank nucleotide database (E value = 0.44) was conducted. This surprised us since, as mentioned previously, various insect species APNs have been identified and cloned. However, since the An. gambiae genome was recently sequenced to almost completion (Holt et al., 2002) , a search was performed using this database (GenBank: wgs_anopheles database) as well. The search revealed that the putative Ae. aegypti APN fragment showed a 64% sequence identity to an uncharacterized and unannotated An. gambiae gene (data not shown). These results, therefore, suggest that this APN transcript may be a novel type.
Subsequently, a GenBank search was next performed using the deduced amino acid of Ae. aegypti larval APN by assuming that our partial transcript was in frame with the fulllength clones from other species. Overall, this deduced peptide had a moderate amino acid sequence identity (~44%) to the four adult Ae. aegypti APN sequences that were available in the database (Fig. 2a) , suggesting that our sequence indeed belongs to the APN family. A short zinc binding consensus sequence -HEXXH-motif (Hooper et al., 1994) was also found in all APNs. It is notable that the stretch of 32 amino acids from positions 28 to 59 is either identical or highly conserved residues. At position 100, there is an insertion of an amino acid, phenylalanine, for the larval APN but not in the adult mosquitoes. It is highly unlikely that this phenylalanine arises from an error in the PCR reaction as the DNA polymerases-mixture that we employed was of high fidelity, comparable to that of Pfu DNA polymerase. Also, the reading frame did not shift. The significant of this insertion and the runs of 32 conserved amino acid residues is uncertain.
Furthermore, the deduced Ae. aegypti larval APN peptide also demonstrated a low sequence identity (~35%) to other published lepidopteran insects' APNs (Fig. 2b) . Specifically, the partial amino acid sequence of the Ae. aegypti mosquito larval APN has 35%, 36%, 35%, 36%, and 36% sequence identity with the Helicoverpa punctigera APN2, M. sexta APN3, H. armigera APN4, Spodoptera litura APN, and Heliothis virescens 110 kDa APN, respectively. Here, there is a three-amino acid insertion for the lepidopeterans APN at positions 169-171, which is absent in our cloned APN fragment. The reason for this insertion is still unclear.
At least twenty different insect APNs from eight different species that are available in the public databases can be grouped into four distinct isoforms, based on sequence homology (Nakanishi et al., 2002) . Further analyses of the four available APN sequences (AF378117, AF390100, AY064078-9) of adult Ae. aegypti via the ClustalW sequence alignment program suggested that these APN sequences are of the same isoform since they have a high degree of sequence identity to one another (at least 97%) at both the nucleotide and amino acid levels (data not shown). However, the result is different when the same sequence alignment was performed on the APNs of Bombyx mori, the only insect species from which all four APN isoforms have been sequenced (Hua et al., 1998b; Yaoi et al., 1999; Nakanishi et al., 2002; AB013400) . Specifically, B. mori APNs have a low nucleotide sequence identity to one another, ranging from 7% (APN2 and 4) to 39% (APN1 and 3), and a moderate amino acid sequence to one another, ranging from 23% to 41% (data not shown).
To determine whether in the midgut of the Ae. aegypti larvae, like that of B. mori, multiple isoforms of APN are also being expressed at the same time, the oligonucleotide primers, based on one of the adult Ae. aegypti APN sequences (AF378117), were employed. After RT-PCR, a PCR product of approximately 2.9 kb (corresponding to the full-length APN) was detected (Fig. 3a) . This band was gel-purified and (Hooper, 1994) . (A) The deduced amino acid sequence of the Ae. aegypti larval APN fragment is aligned to those of adult Ae. aegypti APNs (AF378117; AF390100; AY064078-9). Shading of the alignment represents the degree of conservation; blue, red, and yellow shading denote 100%, 80%, and 60% homology, respectively. The star denotes identical residues. (B) The deduced amino acid sequence of the Ae. aegypti larval APN fragment is aligned to those of H. punctigera APN2 (Emmerling et al., 2001) , M. sexta APN3 (accession number AF498990), H. armigera APN4 (AF535165), S. litura APN , and H. virescens 110 kD APN (AF378666). Shading of the alignment represents the degree of conservation; blue, red, and yellow shading denote 100%, 83%, and 67% homology, respectively. The star denotes identical residues.
subjected to sequence analysis, as previously described. Partial sequencing confirmed that the band indeed corresponded to the published Ae. aegypti APNs that demonstrated a 97% nucleotide sequence identity (Fig. 3b) . Together with the previously-cloned APN fragment, the results suggested that at least two types of APN isoform transcripts are present in the Ae. aegypti larval midgut. This is again not surprising considering the fact that various insects also have multiple isoforms of APN that are expressed in the midgut tissue. Specifically, four, three, and two APN isoforms have been identified and cloned from B. mori, Plutella xylostella (Chang et al., 1999; Nakanishi et al., 2002; AJ222699) , and M. sexta (Knight et al., 1995; Denolf et al., 1997) larval midgut, respectively. All of these isoforms, in general, have been found to be able to bind to Bt Cry toxins.
The question then is which of the two Ae. aegypti larval APNs (or both) is involved in Cry toxin binding in the larval midgut. Since toxicity and specificity depends on the nature of the toxin-receptor interactions, then elucidating the identity of the receptor protein will help in controlling these diseasecarrying insects. 
